Introduction
Muscle contains a high proportion of the cellular mass of the body and is of considerable importance to protein synthesis, especially in larger mammals. It is the purpose of this paper to review past and new information concerning the growth of skeletal muscle and to support and substantiate the concept of the DNA unit in muscle. This essentially functional concept assumes that each nucleus within the fiber has jurisdiction over a finite mass of cytoplasm.
Because the DNA per diploid nucleus is constant, the nuclear popidation of the muscle mass can be appraised if the sample analyzed is representative. Data will be presented supporting this statement, and methods of measuring muscle mass will be discussed. Moreover, the ratio of protein to DNA should reflect the size or mass of such a functional cell unit. Cell size can then be compared with organ size or, in this instance, total muscle mass.
Mathematical expressions are presented derived from ongoing work concerning increments in the size and number of such functional muscle units when they are related, respectively, to chronological age and hotly size during development.
The functional DNA unit is influenced by nutrition, hormones, and exercise. We believe postnatal cytoplasmic growth of muscle tissue is influenced by protein intake and insulin activity while growth hormone and calorie intake influence the rate of increase in the number of nuclei. Alterations in the production and tissue response to these hormones can be detected by muscle analysis. Since satellite cells would appear to be progenitors of myoblasts, factors that influence growth must influence satellite cell behavior.
Developmental Information
The musculature is made up of special cells-muscle fibers. Muscle fibers arise from myoblasts which originate in the middle germinal layer of the embryo (mesenchyme) [10, 100, 103, 128] .
Myotubes form by the fusion of multinuclcatcd cells, and the nuclei within the myotubes are thought not to divide mitotically or amitotically [-1, 123] . During the last trimester of pregnancy muscle nuclei of the human fetus move to the periphery of the cell (or are displaced by the myofibrils). Further postnatal growth was assumed to occur by increase in fiber size, or length, or both [82] .
Surrounding an entire muscle or smaller muscle bundles or the myofibcr are discrete connective tissue sheaths, and chemical analysis reveals only Wo collngen/g fresh weight [19] . Cells such as histiocytes, fibroblasts, ncuronal cells, and adipocytes are present in muscle tissue and contribute by virtue of their nuclei to the DNA content of each gram of muscle. Work in progress by Dr. Charles Friedman in our laboratory indicates that during growth 25% of the nuclei in human muscle are outside the myofibcr. The method used for this determination is that of Dunnill [37] .
Satellite cells according to Mauro [88] are mononucleated cells that are wedged between the basal or plasma membrane of the muscle fiber and the myotubule. During embryonic life these cells are abundant; however, it is not clear whether they do or do not participate in normal myogencsis [70, 105] .
Reznik [111, 112] found that satellite cells are more numerous in areas undergoing regeneration and that these cells incorporate tritium-labeled thymidine. He considered them "stem cells" capable of providing myoblasts for the mature mammal and for regeneration of skeletal muscle tissue. lJischofE and Holtzer [5] recently found that myotubes formed by the union of myoblasts involved cell recognition and membrane-to-membrane interactions when the cells were in the Gl phase of division. They also recognized that certain surrounding stem cells remained and suggested that these cells were "prime candidates for the recruitment of new myoblasts during regeneration." They observed that satellite cells could constitute presumptive myoblasts.
A review by Kelly and Zachs [74] embraces many studies showing that secondary and tertiary muscle cells originate as buds from the walls of primary cells during fetal life; others found that a tertiary generation of muscle cells develops from mononuclear cells in close association with primary generations of myotubes [2, 32, 31, 93, 98] . Kelly and Zacks [74] emphasized the continued presence of undilferentiated cells between myotubes that have been described by Mauro [88] as being "fibroblast like." It is these undifferentiated cells, which lie beneath the basal lamina surrounding the myotubes, that can be classed as belonging to the potential replicating population. Several investigators recorded that the frequency of satellite cells in muscle declines as the fetus reaches term. Such cells, according to Wirsen and Larsson [136] , are responsible for the checkerboard pattern of distribution of histochemically distinct myofibers when muscle is observed under the microscope.
Shafiq ct al. [116] concluded that undifferentiated myoblasts and satellite cells are so close to the myofibers that their nuclei appear, by light microscopy, to be within the myotube. These workers noted that mitosis occurred only in cells outside the myotube and not in any cells that had evidence of myosin synthesis. According to Lee [81] and to Klinkerfuss [75] the plasma membrane surrounding satellite cells can penetrate into the sarcoplasm and additional nuclei are added to (he myofiber.
Satellite cells would appear to be of great importance to the understanding of muscle growth and to be responsible for the increments in DNA of muscle during growth. Presumably they are the progenitors of the myoblast.
The ultrastructurc of striated muscle has been reviewed [118] and will not be discussed here except to point out that arguments relating to the limits of the extracellular volume in muscle [127, 129, 130] should take into account the sarcotubular system [69] .
Flistological Approaches to Qu/intitation of Fiber Size and Number
In 1898 MacCalluin [82] studied the middle third of sartorius muscle in the adult, newborn, and fetus; he found in the adult a cross-sectional fiber area nine times that of the newborn. An increase in muscle fiber volume occurred after 6 months of gestation, but no increment in the number of muscle fibers or in the number of nuclei. In 1902 Godlewski [50] reached a similar conclusion, whereas Schierterdecker [114] insisted that the number of nuclei in muscle fillers increased postnatally.
Tello [125] considered that new fibers probably do arise in the human postnatally or prenatally. Montgomery [97] found that in the fetal period in humans the number of fibers (and nuclei) increased, and that between week 32 of gestation and 1 months of age, the number of muscle fibers doubled; between birth and adulthood, the number of nuclei in the cross-sectional areas studied increased by a factor of 10 or more. Concurrently, muscle fiber diameter increases postnatally two-to threefold [9, 36, 59, 137] .
In other mammals, up to a 10-fokl increase in fiber diameter has been shown [29, 51, 60, 63, 73, 121] ; increments in sarcomerc units [89, 99, 117] are in the same order.
The mere measurement of fiber diameter, however, throws little light on the actual increase in fiber mass, which is three-dimensional. Inspection of body composition changes in the mouse during growth [22] and consideration of the changes in muscle fiber length and sarcomerc number [52] show clearly that sarcomere number increases in male mice with the adolescent spurt, while muscle fiber length correlates well with the overall growth of the lean body mass. Thus, measurement of fiber diameter or cross-sectional area yields very limited information.
The weight of evidence indicates that new fibers can arise after birth, and the old thesis that no new nuclei appear in muscle postnatally is certainly erroneous.
Muscle Mass
Muscle mass and body lueight; individual muscle weight. In cattle, sheep, and pigs [60, 90, 106] , the weight of a dissected individual muscle, or anatomically defined group of muscles, is closely correlated with the total muscle mass. Butterfield [12] showed, in addition, that age, weight, or breed of animal had no bearing on the relations obtained. These results are interesting considering the striking differences in the external shape of the different types of cattle studied. Thus, it is feasible to predict with accuracy the muscle mass of an animal by estimating the weight of an individual muscle which is anatomically defined.
Latimcr [79] showed that muscle mass in the fetal cat was linearly related to fetal weight during gestation. Jackson and Lowrey [72] found that muscle mass in albino rats was 20-25% of body weight in the new- born; at weaning, 26-30%; at sexual maturity, 37-43%; at 5 months, 41-44%. No sex differences were demonstrated. Caster ct al. [13] , using gravimetric methods, dissection, and actomyosin determination, found a muscle mass of 45% of the body weight in rats of 320-350 g.
Cheek ct al. [24, 58] determined the muscle mass in male eviscerated Sprague-Dawley rats without skin or feet (defined as carcass), using three methods which gave comparable results. They showed that the relation between muscle mass and body weight in rats can be clearly defined by linear equations (Table I ). In this study muscle mass constituted 80% of fat-free carcass, and a similar equation has evolved (Table I) for prediction of muscle mass from fat-free carcass.
Welcker and Brandt [132] reviewed the literature up to 1912 on the growth of human muscle mass. The newborn baby was found to have a muscle mass of 23-25%, while the adult had a value of 43.2% of body weight. These data agree with recent observations reported about dissections of the human body [47] .
Muscle mass and protein stores. Perry and Zydowo [108] found that ribonucleoprotein particles associated with endoplastic reticulum were not numerous and suggested that muscle was not a large contributor to protein synthesis. As one proceeds from the smallest mammal to the largest, however, mass of visceral tissue (for example, liver) becomes less relative to body weight, while muscle mass remains, for the most mature mammals, from 40 to 45% of body weight. Differentially, in the larger mammals, muscle mass is of increasing importance with respect to protein synthesis [101] . Martin and Fuhrman [87] demonstrated that the visceral mass of large animals accounts for a lesser proportion of the total oxygen consumption than that in smaller mammals. Consideration by Munro [101] of the ratio of liver mass to muscle mass plotted against body weight shows that liver weight does not increase in proportion to weight of the mammal and that muscle mass remains at 45%. Thus, the proportion of liver mass to muscle mass is much less for the elephant than for the mouse.
Muscle protein and metabolically active protoplasm. Chinn [30] studied male and female rats from 80 to 190 days of age. He emphasized that muscle protein was a constant percentage of total body protein in the mature animal and that this determinant correlated highly with excretion of creatinine in urine. Predictions could be made of muscle protein and total body protein from the determination of total body potassium. It is clear from his data that muscle protein constitutes more than half of the total body protein.
Earlier work by Cheek and West [26, 27] showed that with male albino rats at 8 weeks of age (220 g body weight), there were 19.5 g of muscle protein and 22 g of protein outside muscle. It was also shown [28] that total body collagen accounts for 12 g protein in this rat. The vast majority of this amount of protein resides in skin and skeleton; therefore, as much as twothirds of the metabolically active protoplasm resides in the muscle of the intact rat.
When considered as a fraction of total body potassium in the human, the potassium content of muscle varies with growth. After 10 years of age, muscle tissue in the male accounts for increasing amounts of body potassium, and at 17 years of age, two-thirds of body potassium is present in muscle mass [39] . It would seem reasonable to believe that metabolically active protein would have a similar distribution.
Muscle mass and excretion of creatinine in urine. The skeletal musculature accounts for 25-40% of body weight from infancy to maturity. Assessment of muscle mass in the living mammal has most often been made by estimation of 24-hr excretion of creatinine in urine. Creatinine is the cyclic anhydride of creatine. Most of the creatine formed is found (as creatine phosphate) in muscle tissue, where a portion of it is continually converted to creatinine, this conversion being essentially irreversible [8] . Creatinine in the urine of animals maintained on a creatine/creatinine-free diet is directly derived from tissue creatine [6] . Shaffer, in 1908 [115] Figure 1 illustrates the relation between creatinine excretion in children and male infants with height (as a measure of maturational age) when a low creatine/creatinine diet is instituted.
Meador and co-workers [91] have recently demonstrated, using l-14 C-creatine as a tracer, that 93.6% of body creatine of rats is in skeletal muscle. Borsook and DubnofF [8] considered that 98% of body creatine is in skeletal muscle. Since at least 90% of creatine exists in muscle mass, the injection and distribution of labeled creatine provides another method for this determination [91] .
Because creatinine excretion reflects muscle mass, it is of importance to know how much creatinine is equivalent to 1 kg of muscle mass in different mammalian species. Chinn [30] studied muscle protein (or muscle mass) creatinine and creatine in the same ani- mal. Assuming that 200 mg protein are present in 1 g muscle, the mean muscle mass for the mature rats studied was 131.8 g. Thus, 1 g creatinine excreted/24 hr was equivalent to 20.5 kg muscle mass; i.e., factor F = 20.5. Graystone [57] , assuming that 56.9% of the total intracellular water contained in the muscle mass of rats was similar in value for the human, calculated in 3G normal children that for 17 boys and 19 girls F = 21.2 ± 3.5 and 20.7 ± 4.05, respectively.
On the basis of these considerations, Cheek and coAvorkers have used a creatinine equivalent of 20 for simplicity in the calculation of muscle mass [16, 19, 57] .
In Figure 2 , the intracellular water (total body water -extracellular volume) of the body has been plotted against creatinine excretion for normal children 4-17 years and for male infants 0.2-2 years. The two linear equations are shown for the children. Since no sex difference was found by analysis of covariance, no separation has been carried out. The slopes of the lines for the two equations are different. If the creatinine excretion is converted to muscle mass using the factor of 20, it becomes clear that an infant excreting 100 mg creatinine/24 hr has a muscle mass of 2 kg and (from the graph) an intracellular water of 3.5 liters. Previous work showed that 50.6% of the fresh fat-free muscle in these infants was intracellular water. Hence, the total intracellular water of muscle would be 1.012 liters or 28.9% of total intracellular water. Since the ratio of cell water to cell protein is a constant, these percentages represent cell mass relations. Examination of the older children reveals, by a similar approach, that the intracellular mass of muscle, as a proportion of total intracellular mass, would rise from 35 to 69% from 4 to 17 years. The relations between intracellular water and body weight have a constant slope for infants and older children up to 17 years [15a], but muscle mass shows a changing relation with body weight or intracellular water. For body weight our present data indicate muscle mass to be 22% in the infant, 27% at 4 or 5 years, and 43% in late adolescence. This is in agreement with the estimation of muscle mass in newborns and adults derived from dissection studies as recorded by Malina [85] . Such values are in accord with data of other investigators [33, 104, 122] concerning creatinine excretion.
It is clear from the above discussion that in mature rats and humans, intracellular mass in muscle constitutes two-thirds of the metabolically active protoplasm. In animals, individual muscle groups correlate strongly with the amount of muscle mass, and chemical analyses allow the determination of the amount of tliis tissue with precision [20, 56, 131 ].
The DNA Unit-A Functional Unit
Epstein [42] has shown that the degree of polyploidy in liver is commensurate with the amount of cytoplasm. Thus, a tetraploid liver cell behaves as two diploid cells in terms of mass composition. A hepatotyte containing two diploid nuclei has double the amount of cytoplasm of a single diploid cell. By analogy, it would seem reasonable to believe that one set of chromosomes would dominate a finite volume of cytoplasm. Since muscle is a syncytium, this is essentially a functional concept. During growth, protein per unit muscle reaches a stable level early in postnatal life, so that changes in protein/DNA depend mainly on DNA Skeletal muscle cell mass and growth 317 dilferences and the number of nuclei distributed along a given muscle fiber, which in turn must be influenced by hormones and by nutrition.
The DNA unit in rat muscle. The discovery of the constancy of DNA per nucleus [7, 95 , 12G] (about 6.2 pg/diploid nucleus) allowed the estimation of the number of nuclei in muscle. Mitoses have been observed at all stages in striated muscle in rats [83] and while 1.2-1.7% of nuclei enter mitosis each day in the tibialis anterior of 30-to 100-g rats, polyploidy does not occur [41] .
Encsco and Puddy [41] studied hislologically the biceps brachii, extensor carpi radialis longus, gastrocnemius, and tibialis anterior muscles in Sherman rats. These rats were 15-94 days of age and weighed 27-320 g. The DNA content increased 2-fold in the biceps and 3-to 4-fold in the other muscles, while muscle weight increased from 9-fold for the biceps to 21-fold for the gastrocnemius. No efforts were made to remove connective tissue layers. The endomysial and perimysial nuclei were thought to constitute about 35% of the total nuclei. Histological counts showed that the number of nuclei within the fillers doubled in the biceps brachii, tripled in the tibialis anterior, and quadrupled in the gastrocnemius and extensor carpi radialis longus over the period of study. An interesting point not mentioned was the fact that, while the number of nuclei and muscle weight increased in different degrees for the different muscles, the ratio of muscle weight per nucleus was reasonably uniform for three of the four muscles. Except for the small muscle, extensor carpi radialis, the other three showed a 5-to G-fold increase in this ratio from 1G to 8G days of age.
Check et al.
[23] took quadriceps muscle from rats (1-8 weeks of age), taking care to keep connective tissue to a minimum (1%), and found that there was a 500% increment in the DNA of the total muscle mass, assuming the muscle sample to be representative of the whole musculature.
Calculation of the volume of inlracellular water in the muscle mass and adding protein (not including collagen) within the muscle mass show that the intraccllular mass of muscle increases from 2.4 to 85 g from 1 to 8 weeks. The amount of DNA present can be considered to be mainly in the muscle fibers, and since the nuclei contain a constant amount of DNA, the mass of protoplasm associated with each nucleus is found to change from 777 to 5700 pg from 1 to 8 weeks. This amount of protoplasm (protein plus water) within the cellular phase can be considered to be associated functionally with each nucleus (or unit of DNA). Hence, although histologically each muscle fiber may contain 100 or more of such units, the term "individual cell mass" can be justifiably coined.
A more detailed study of the developing rat [15a] provided evidence that the individual cell mass from 1 to 11 weeks increases 10-fold for males with a period of deceleration from G to 8 weeks when the number of nuclei increase owing to adolescent growth. In female rats the growth of the individual cell mass is more accelerated than for the male from the time of weaning. The greatest difference is at 9 weeks; however, by 12 weeks the value for the male is equal to that of the female. Subsequently, cytoplasmic mass per unit DNA is greater for males. At 22 weeks a value of 11 X 10 3 pg is reached for the male.
The female rat in early postnatal life has larger muscle cells for the same muscle mass. It appears that the male, however, eventually has larger muscle cells.
Inspection of the growth of muscle cell size against lime is profitable, but of equal or greater moment is the inspection of individual cell mass against organ size or muscle mass. Table I shows a cubic equation for male rats during growth, while for the female a quadratic equation holds.
Since the ratio of cell protein/water is a constant, it can be deduced that the protein/DNA ratio is also an index of cell size (Table I ). Figure 3 shows the relation between this ratio and muscle mass. Again, a quadratic equation is described for the female from 3 to 14 weeks and a cubic equation for the male from 2 days to 22 weeks. An accelerated increase in muscle cell size rela- fig. 3 . The ratio of piotcin/DNA in muscle tissue is plotted against the muscle mass for male and female rats during growth. Note that the relationship is quadratic for females and cubic for males (Table I ). The standard deviations are shown. A sex difference in the growth of muscle cell size is thus revealed. tivc to body size or muscle mass occurs in the female. A sex difference in muscle growth is clearly defined. For the same muscle mass the female and male have a different protein/DNA ratio. As body size and muscle mass increase for the male, so does the protein/DNA ratio. Eventually the male possesses a greater muscle mass, and the protein/DNA ratio is greater. The prediction of the number of nuclei in the entire musculature from a single sample depends on whether the sample is representative. Table II contains data on DNA and protein content of various muscle groups of 38-and 49-day-old rats. Clearly, agreement does exist except for the erector spinatus muscle where larger amounts of collagen are present. In general, the ratios of protein/DNA are consistent between muscles for an individual rat. Hence, these findings are different from those of Enesco and Puddy [41] .
The number of nuclei present in the entire musculature of the rat can be found by the expression: DNA per gram of muscle X grams of muscle mass. Division by 6.2 pg yields the number of nuclei. Figure 4 depicts the relation for male and female rats against time or age. This is the appropriate base line since cell division is time-dependent. At 1 week, rats have 2.5 X 10°n uclei in the muscle mass. Males at 7 weeks have 12.5 X 10° nuclei (about a fivefold increase), while females at the same age have 6 X 10 9 nuclei (probably a twofold increase if the pattern of growth prior to weaning is the same for the male and female). At 14 weeks, the male rat appears to have a constant number of nuclei of about 13 X 10°, but the female only reaches 8 X 10°. Again, a sex difference is revealed. For males the increment in the number of nuclei is progressive up until 50 days when sexual maturation occurs. During this latter period an adolescent spurt is defined until a plateau is reached or the "steady state of cell population" [80] .
Interestingly, castration of the female rat at 3 weeks causes a pattern of cell growth characteristic of the male, so that at 14 weeks no statistical difference is found between the castrated female and normal male [15b]. Cell size, however, does not reach that of the male.
Gordon el al.
[55] studied the growth of quadriceps muscle of male Sprague-Dawley rats from day 43 to 155. The rats were already approaching sexual maturation, and there was a 2.5-fold increase in DNA content of muscle with a stable value at 90 days of age. Sarcoplasmic and myofibrillar protein continued to increase until 150 days. The general observations are in agreement with our own. Indeed, appraising their data on muscle mass/body weight, it is possible to show a similar number of nuclei for age.
Alunro and Gray [102] made a comparative study of DNA, RNA, and protein content of muscles for var- •/. The number of nuclei in muscle mass for male and female rats is plotted against age. Note the greater increase in the number of nuclei for the male up to sexual maturity, after which the "steady state of cell population" is reached. The female has fewer nuclei in the muscle than docs the male. The standard deviations arc shown. ious mammals ranging in size from the mouse to the horse. All were young adult males. The mass of cytoplasm per nucleus in muscle increased twofold from small to large animals. The horse (posterior thigh muscle) had twice the amount of protcin/DNA by comparison with the mouse, but RNA/DNA remained constant. By contrast in the liver RNA/DNA decreased with increasing animal size, as docs protein turnover and metabolic rate. Table III shows protein and DNA concentrations present in various muscle groups of five male monkeys (Alacaca mulatta) at 2.5 years of age. Although agreement exists between muscle gioups for protein/DNA ratios, concentrations of protein and water varied significantly (P -0.025) between the gastrocnemius and the psoas and pcctoralis muscles. The gastrocnemius muscle would appear to depart slightly from other muscle gioups. Table IV contains information on muscle for adult male monkeys of about 4 years. These primates had been subjected to thoracic spinal lesions and removal of a portion of frontal cerebral cortex and some atrophy had occurred in the lower limb muscles. Possibly nerve roots from the lower cervical region were involved. The gastrocnemius muscle shows the highest DNA concentration while the values for protein appear reduced. Other muscle groups also show slightly reduced protein concentrations (Table III) while DNA concentrations are definitely less. With aging, the DNA concentration in muscle declines. Exact ages of the adult monkeys are not known, but a loss of cytoplasm relative to DNA is suspected for the gastrocnemius muscle. The key point is that under most circumstances a muscle sample is probably representative of muscle as a whole; however, muscle atrophy due to central nervous system involvement is an exception.
The DNA unit in human muscle. In the study of muscle growth in the human [HO] small samples of the gluteal muscle were taken at biopsy from children over 2 years of age while at earlier ages samples were taken from the abdominal rcctus muscle in infant males at the time of hernia repair [124] . The samples were analyzed for protein, collagen, chloride, water, and DNA as described elsewhere [15d]. It has been assumed that muscle samples reflect the overall growth of muscle and that creatinine excretion over a 3-day period, in the presence of a low creatinine diet, reflects muscle mass. Figure 5 illustrates the changes of protein/DNA with growth. Quadratic equations are described for each sex, and the data are plotted against muscle mass. Once again, the accelerated growth of muscle cell size for the female can be distinguished. The curves for the male and female, however, show only a tenuous statistical difference. The relation for the male can be expressed satisfactorily by a linear equation, but that for females can be expressed only by a quadratic equation. 1 Nine adult animals, about 4 years of age. 1 DNA: biceps vs pcctoralis major P < 0.01; biceps vs gastrocncmius P < 0.02; pcctoralis major vs gastrocnemius P < 0.025; deltoid vs gastrocnemius /' < 0.025. 1 Mean «su. The DNA value for the gastrocnemius muscle is higher than for other muscle groups, and consequently the protein/DNA ratio is reduced, indicating some degeneration in this muscle at this age. If age is placed on the abscissa, the scatter of points is more remarkable, but the female shows larger protein/DNA ratios at an earlier age. This observation pertaining to the female has been confirmed histologically [62] . The male eventually possesses a muscle cell size equal to that of the female. Similarities with muscle growth in the rat are clear, but the present data suggest that the increments in cell size are only twofold for the human. There is no evidence that the relation is cubic for the human male. No investigations have been carried out for males 17-25 years of age. As to whether the ratio increases further in the human male remains indeterminate at present. The ability to predict the number of nuclei in the musculature of humans depends on a correct measurement of muscle mass and on the muscle sample being representative of muscle tissue in general. Figure 6 shows the changes in the number of nuclei within the musculature of children and adolescents when chronological age is the base line. For boys, a cubic equation is defined and a closer relation holds for age than for height [20] . This finding emphasizes the fact that cell replication is time-dependent and cell number is a sensitive index of maturation. Indeed, it is possible to reverse this equation and use cell number to predict biologic or physiologic age for the growthretarded child [15e] .
From the cubic equation for the male, it appears muscle growth is accelerated prior to 2 years and following 9 years of age (adolescent spurt). Clearly, increments in the number of nuclei cannot continue. Figure  6 predicts that a M-fold increase occurs from infancy to adolescence, but some early maturing boys with nearly completed height growth at 18 years have, we find, a value in muscle of 4 x 10 12 , which predicts that a 20-fold increase is possible. Indeed, the 20-fold increase in the DNA content of the muscle mass of the human male is remarkable, and if it is accepted that the majority of this DNA is within the muscle fiber, then one must also accept the thesis that nuclear division is conspicuous. Possibly satellite cells (see "Introduction") play a central and not a secondary role in muscle growth.
Girls from 3 to 17 years have a less remarkable increase in muscle DNA content; the relation can be expressed as a simple linear equation. If the pattern of growth is similar for infant boys and girls, the mathematical expression would be quadratic for girls. It Skeletal muscle cell mass and growth 321 would appear that girls at 17 years have only twothirds the number of nuclei in muscle as boys. There is a similar sex-related difference observed for mature rats. It is clear, however, that muscle growth in humans is far less dependent on cell size increase and more on replication of nuclei, while in the rat increments in the number of nuclei are less remarkable, but changes in the protein/DNA more prominent.
In Table V , the relation between the number of muscle nuclei and body length is documented; it is quadratic for the male and linear for the female. Sex differences disappear when intracellular water (mass) is on the abscissa, and a linear relation can be described for data from boys and girls.
The relation between protein/DNA of muscle against height is linear for both boys and girls. The individual cell mass for muscle when plotted against creatinine excretion yields a quadratic relation for male infants and boys, but the relation is linear for girls, possibly because there is a lack of data for infant girls.
The DNA unit has functional significance in muscle. Arguments as to whether fiber numbers increase with growth can be avoided by viewing the cyloplnsmic nuclear ratio as a discrete and fundamental cell unit within the muscle fiber, as is the case for myocardial tissue [139] . Such an approach is more physiological, or functional, than anatomical since the concept assumes each nucleus has jurisdiction over a finite volume of cytoplasm. With growth, the mechanisms for DNA replication and protein accretion are set into motion.
Factors Influencing Muscle Growth
Exercise. Malina [8G] has recently reviewed the subject of vigorous and sustained exercise leading to muscle hypertrophy, with inactivity causing the reverse. Christcnsen and Crampton [31] have shown in 1-yearold rats that forced exercise during the year causes an increase in DNA, RNA, and protein in the gastrocnemius muscles. From their data, however, it seems there is no increase in protein/DNA ratio between exercised rats and a control group. Thus, it is suggested that exercise causes muscle growth and increments in protein and DNA are commensurate.
Morpurgo [98] originally considered muscular hypertrophy to be due to an increase in sarcoplasm, while Holmes and Rasch [G8] found no increase in the number of myofibrils within the myofiber. Helander [G4] confined guinea pigs and rabbits for 3 years. There was reduced myofilamental but enhanced sarcoplasmic content. Helander concluded that skeletal muscle adapts itself to functional activity with hypertrophy after some types of exercise, and atrophy after restriction in activity [53] . Goldberg (Endocrinology S3: 1071, 1968) has shown that acute work hypertrophy in the soleus or plantaris muscle of rats (following section of the gastrocnemius muscle) can be induced in hypophyscctomized or alloxan-diabetic rats, thus suggesting that neither growth hormone nor insulin is necessary for that process. No information is available on DNA or protein content of these muscles.
Hormones. The value of inspecting protein/DNA ratio in muscle and the number of nuclei within muscle mass can be illustrated further by considering certain abnormal situations. Studies on rats hypophysectomized at 21 days revealed at 35, 38, 49, and 56 days of age that there was no increment in the DNA content of muscle with time [18, 23] . When tissue studies were carried out at 6 or 8 weeks of age, similar findings occurred in rats given Increments in number of nuclei in muscle of rats liypophysectomizcd at 21 days when treated from the 38th to 49lh day with various hormones. Note that bovine growth hormone with (P < 0.005) or without (P < 0.001) the blocking of endogenous insulin (using cpiiicphrine) causes large increments in the number of nuclei. Exogenous insulin produces lesser effects (P < 0.005). One standard deviation is shown for each column. Right side: Similar data are shown for rats receiving restricted calorie intake (with normal protein intake) and for rats receiving low protein and low calorie intake from 23rd to 49lh day. Note that restriction of calorics produces some reduction from the expected number of nuclei (33%) (P < 0.001), while restriction of both components produces gross reduction (P < 0.001) or values almost equivalent to those present in a 23-day-old rat. Of interest is the fact that the protcin/DNA increases in calorie restriction but decreases in protein plus caloric restriction (not shown). Fig. 7 ) have been treated with various hormones and the proteiu/DNA of muscle plotted against the muscle mass. Note that the hypophysecloinizcil rat has a large protein/DNA relative to organ size (muscle mass) (P < 0.001). The introduction of growth hormone with or without the blocking of endogenous insulin diminished the ratio to normal while exogenous insulin had no significant effect. The protein/DNA remained excessive (P < 0.001). Indeed, the question arises as to whether the large protein DNA ratio of the untreated hypophyscctomized rat is related to the unopposed action of endogenous insulin. One standard deviation is shown for each column. The arrows from the column representing the untreated liypophysectomizcd rat illustrate hormonal treatments. I: IV. insulin. G: Growth hormone. K + G: Growth hormone plus cpiiicphrine. 120], it was suggested earlier [16, 23] that growth hormone is important for DNA replication in muscle.
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That such is the case [3, 18] is illustrated in Figure 7 (left side). This figure defines the changes in muscle when hypophysectomized rats are treated for 11 days with (a) bovine growth hormone, (b) protamine zinc insulin, or (c) growth hormone with reduced endogenous insulin [18] . The endogenous insulin was blocked by injection of cpiiicphrine [141] [109] . Rats injected with insulin or growth hormone received a food intake comparable to that given untreated hypophysectomized rats. In groups a and c, DNA increased significantly while the injection of insulin caused only a minimal increase. The DNA increase in groups a and c was no doubt due to gain in numbers of nuclei within the muscle fiber, while the lesser gain in group b could more readily be ascribed to increments in the number of nuclei in connective tissue. Insulin causes growth of collagen in absence of the pituitary gland [18] and has an effect on DNA replication in adipose tissue [43] , especially in the stromal tissue [67] . Figure 8 shows that hypophysectomized rats have an increased protein/DNA ratio relative to body size.
With bovine growth hormone, with or without the blocking of endogenous insulin, the ratio is restored to normal. On the other hand, insulin does not reduce the existing high protein/DNA ratio. This hormone is likely to be involved in cytoplasmic growth. Indeed, the fact that hypophysectomized rats have a significant increase in the protein/DNA ratio may be due to the fact that endogenous insulin predominates in the absence of growth hormone. The intact rat, if given insulin for the same period of time, shows growth of muscle mass, which is due to increase in the protein/DNA ratio [58] .
In the human, growth hormone also increases the DNA of the muscle mass. Patients with idiopathic pituitary insufficiency [16] have a reduction in the number of nuclei in muscle. Catch-up growth following treatment with human growth hormone is associated with a spurt in the number of nuclei. In fact, muscle growth outstrips skeletal growth [15f] . No consistent change could be found in muscle cell size, neither in protein/DNA ratio nor in individual cell mass.
Mice with hereditary pituitary insufficiency yield findings in muscle similar to those in children with hypopituitarism. Sncll-Smith dwarf mice have a reduction in the number of nuclei present without an increase in cell size relative to body size. In pituitary insufficiency, multiple hormonal factors may be missing so that influences on protein/DNA are difficult to delineate.
Children with acquired hypothyroidism have a less than normal number of nuclei in muscle as well as a distinctly high protein/DNA ratio. These patients show changes in muscle similar to those found in rats hypophysectomized at weaning. In acquired hypothyroidism, there is a poor release of growth hormone [11, 45, 71, 84] . Since thyroid hormone is important for proper action of growth hormone [54] , it can be speculated that insulin may be exerting, in this disease, a stronger influence on muscle growth. Treatment with thyroid hormone increases the number of nuclei in muscle while cell size returns toward normal. The same result is seen in the hypophysectomized rat given growth hormone. Patients with congenital hypothyroidism have a reduction in protein/DNA ratio in muscle [16] . Thyroid hormone appears to have a greater action on protein synthesis earlier in life than later [119] , which could explain to some extent the differential effects on cell size of muscle in congenital versus acquired hypothyroidism.
Insulin is possibly the major hormone responsible for protein synthesis after infancy. It is clear, however, that androgens also stimulate muscle cell growth at puberty, especially protein synthesis. The role of androgens in muscle growth lias been reviewed by Kochakian [77] . Our own work on adrenalectomized castrated male rats did not show, however, great changes in the growth of muscle mass, DNA, or protein content [15b] .
Nutrition. Nutrition has a profound effect on muscle growth [53] . In rats, calorie restriction in the postweaning period (3-7 weeks) with a borderline protein intake causes reduction in DNA content (compared with age mates) with an increase in the protein/DNA or RNA/DNA ratios for age, while feeding ad libitum subsequently provides remarkable "catch-up" growth [15i, 40, 58]. Hill et al. [65] noticed that feeding adequate protein with reduced calories did not cause a loss of cell size but did result in the finding of less DNA in the muscle mass (66% of controls). The findings of Durand et al. [38] were similar. Moreover, they found that eventually such rats attain a full complement of nuclei within the muscle. Thus, restriction of calories (with normal amounts of protein) slows cell number increase during growth.
By contrast, Winick and Noble [134] , by restricting food intake to 50% (calorie and protein restriction) in post weanling rats, produced permanent growth retardation with reduction of expected cell number. In 1958, Mendes and Waterlow [92] demonstrated grossly reduced protein/DNA ratios in muscle of protein-deficient postweanling rats, while the work of Young and Alexis [138] showed that ribosomal activity was compromised. Of importance is the realization that rats voluntarily restrict their calorie intake when presented with a low protein diet. Clearly the evidence at hand suggests that there is a difference between calorie restriction and calorie plus protein restriction with respect to muscle cell growth of rats.
Hill et al. [65] showed that with protein plus calorie restriction (3-7 weeks) the plasma insulin levels were significantly low in rats together with reduced protein/DNA ratios, while the DNA content in muscle was only 33% of that found in controls ( Figure 7 , right side). On the available evidence it is suspected that protein intake is mainly related to cytoplasmic growth, possibly through the action of insulin, while caloric intake would appear to influence the multiplication of muscle nuclei, possibly through growth hormone. Separation of these factors may be very important as the implication is that only protein restriction in the postweaning period causes permanent growth retardation.
In boys a quadratic relation exists between calorie intake and age [14] . A similar relation also holds for the number of nuclei present in the muscle mass at various ages, and it can be anticipated that a linear relation exists between number of nuclei and caloric intake. As with rats, significant changes are found in human muscle in patients subjected to restricted nutrition. The study of Peruvian infants with kwasliiorkor or marasmus (protein-caloric malnutrition) reveals that there is a gross reduction in the protcin/DNA ratio in muscle for body size as well as a reduction in RNA/DNA. Rehabilitation did not restore levels to those expected for Caucasian infants [21] . Histological observations of muscle by Montgomery [96] confirmed the gross reduction of fiber size, while nuclei appeared overabundant. The reduction in creatinine excretion was found to be proportional to the reduction of the total intracellular mass in our patients [21] , suggesting that creatinine excretion still reflected muscle mass. No great reduction in the number of nuclei in the muscle was found in these infants shortly after beginning therapy or after rehabilitation. The finding again raises the question as to whether muscle growth in the primate is different from that in rodents, and whether the permanent reduction of nuclei in muscle and other tissues, which eventually occurs in rats subject to protein restriction early in postnatal life [134] , does in fact occur in the human. On a DNA basis, protein and RNA in muscle do not return to normal status in rehabilitated infants; this suggests that some permanent damage may exist with respect to protein-synthesizing mechanisms. Moreover, insulin levels in the plasma were low, and, even after rehabilitation, the infusion of arginine did not produce a satisfactory response [56] . Once again, a relation can be drawn between protein intake, cell size, and insulin release.
The study of overnutrition and obesity in female adolescents [25] revealed, as in experimental animals [11, 76, 133, 135] , that an increase in the number of nuclei and overgrowth of lean tissues occurs. Obese girls with advanced bone age all had increases in mus<le mass and DNA content within the muscle mass when body length was used as the base line. The protein/DNA ratio was diminished [25] . An accelerated increase of protein/DNA ratio in muscle is characteristic of the female while increments in the number of nuclei progress at a slower rate. In female rats, this situation can be countered by castration. Clearly, the question .irises as to whether estrogen secretion is suppressed, or androgen secretion augmented, in some obese females. Their pattern of growth in muscle is characteristic of excessive response to growth hormone with diminished response to insulin. Hansen [61] has shown that nonobese diabetics secrete excessive amounts of growth hormone when under exercise and when not properly controlled with insulin. In view of the link between diabetes and obesity, one wonders whether obese patients might not have abnormal secretion of growth hormone. It is known that certain tissues in obese patients become resistant to circulating insulin [113] . In this direction it is interesting to point out that Staulfachcr ct al. (Ann N. Y. Acad. Sci., 131: 371, 19G5) demonstrated that the sensitivity of muscle to insulin in mice is much more inhibited than the sensitivity of adipose tissue.
Much more work is required to evaluate changes in muscle growth with respect to hormones and nutrition. It is clear at present that hormones, in addition to androgens, profoundly affect muscle growth, and that valuable information on growth can be obtained from the appraisal of muscle mass, the inspection of DNA content, and the ratio of protein/DNA, or the appraisal of the mass of individual cells. A better understanding of growth retardation and obesity may be readied if the implication is accepted that caloric intake is important to the rate of increase of muscle nuclei.
Conclusions
Ilistometric approaches to muscle growth have produced limited quantitative information, while measurement of protein and DNA in muscle tissue and of their ratio gives a functional or physiological unit that is meaningful. Admittedly, the chemical approach does not define what percentage of nuclei actually belong to the muscle fiber. Current work indicates that oncquarlcr of the DNA in a muscle sample resides outside the muscle fiber. Consideration of the number of nuclei in muscle and the extent of protein accretion is compatible with physiological concepts and the discrete actions of hormones. A chemical approach, if combined with a histological approach designed to differentiate cell types, should yield valuable information. Perhaps the previous lack of appreciation of the above discussion has rested on the old belief that there was little increase in the number of nuclei in muscle during postnatal life. Indeed, even now with the discovery of the satellite cell by Mauro, the role, or potential, of this cell is still not anticipated fully, and concern is expressed mainly at its potential with respect to muscle injury, rather than toward growth.
While certain types of exercise cause increments in muscle growth, it is of interest that the protcin/DNA ratio does not change. Disproportionate changes are revealed when hormonal and nutritional factors alter, all of which supports the concept that the nucleus dominates a finite volume of cytoplasm, the DNA unit, and each component can he modified by separate factors.
If proper account is to he taken of abnormal growth in the human, it is important to account for changes in the number of nuclei within the muscle mass in cytoplasm relative to the nucleus. The measurement of muscle mass by studies of creatinine excretion, under properly controlled circumstances, or the study of the distribution of labeled creatine (with 15 N or 14 C) provide acceptable methods of approach. Both in rats and primates, a muscle sample from a muscle group would appear to be representative of the entire musculature, so that the prediction of the number of nuclei is possible from data concerning the composition of the sample and total muscle mass.
The value of assessing normal and abnormal growth clinically by inspection of the size and number of cells was pointed out in 1%1 [17] , and work in the intervening years has only reemphasized the thinking. The relation of cell growth to nutrition and hormones is fundamental to the understanding of fetal growth, postnatal growth, and, eventually, the process of aging with negative growth. The fact that skeletal muscle represents more than two-thirds of metabolically active protoplasm and is readily accessible for study makes this tissue one of great importance for future research into human development. The influence of protein or calorie deficiency on the body
